Ataxia telangiectasia (A-T) is an autosomal recessive disease caused by loss of function of the serine/ threonine protein kinase ATM (ataxia telangiectasia mutated). A-T patients have a 250-700-fold increased risk of developing lymphomas and leukemias which are typically highly invasive and proliferative. In addition, a subset of adult acute lymphoblastic leukemias and aggressive B-cell chronic lymphocytic leukemias that occur in the general population show loss of heterozygosity for ATM. To define the specific role of ATM in lymphomagenesis, we studied T-cell lymphomas isolated from mice with mutations in ATM and/or p53 using cytogenetic analysis and mRNA transcriptional profiling. The analyses identified genes misregulated as a consequence of the amplifications, deletions and translocation events arising as a result of ATM loss. A specific recurrent disruption of the granzyme gene family locus was identified resulting in an aberrant granzyme B/C fusion product. The combined application of cytogenetic and gene expression approaches identified specific loci and genes that define the pathway of initiation and progression of lymphoreticular malignancies in the absence of ATM.
INTRODUCTION
The transformation of a normal cell to a tumor cell depends in part on mutations in genes that control the cell cycle. Cellcycle regulation plays a major role in maintaining the integrity of the genome. Defects in checkpoint control contribute to genomic alterations such as deletions, translocations and amplifications that commonly occur during the evolution of a normal cell to a cancer cell. ATM (ataxia telangiectasia mutated) is a key protein responsible for arresting the cell cycle in response to DNA damage and has a role in genetic stability and cancer susceptibility. Nearly one-third of ataxia telangiectasia (A-T) patients develop aggressive and invasive forms of either lymphocytic leukemia or non-Hodgkin lymphomas (1, 2) .
A mouse model of A-T (Atm 2/ 2 ) closely mimics the human condition and has been useful for defining the role of ATM in cancer (3, 4) . All Atm 2/ 2 mice succumb to aggressive T-cell lymphoblastic lymphoma early in life, and these tumors closely resemble those found in A-T patients in several respects: (1) the tumors develop in very young Atm 2/ 2 mice, similar to the lymphoreticular cancers in A-T patients which arise in childhood (3-7); (2) the tumors are highly proliferative and invasive (1, 3, (8) (9) (10) ; (3) virtually all tumors found in Atm 2/ 2 mice and the majority of T-cell leukemias in A-T patients are CD4þ/ CD8þ (3, (5) (6) (7) (11) (12) (13) ; and (4) tumors from Atm 2/ 2 mice contain translocations of chromosomes 12 and 14 in regions homologous to translocated regions of human chromosome 14 in A-T patients (3, 4, 14) . These regions are also frequently mutated in other human hematopoietic cancers that occur in patients that do not have A-T (15) (16) (17) .
On the basis of cytogenetic data and the role of ATM in DNA repair following ionizing radiation (IR), it is likely that lymphoblastoid cancers arising in the absence of ATM are due to specific translocations at loci that undergo V(D)J recombination. In support of such an hypothesis is the finding that human chromosome 14q11.2 harbors the T-cell receptor alpha (TCRa) gene and abnormalities in this region have been detected in A-T patients (18) (19) (20) (21) (22) (23) (24) and in Atm 2/ 2 mice (4). Recombination of IR and V(D)J produces DNA double-strand breaks (DSBs) that are repaired by non-homologous end joining (NHEJ), and ATM is thought to activate proteins involved in NHEJ in response to IR. This has lead to the suggestion that defective V(D)J recombination due to loss of ATM function is responsible for tumor formation. However, recently we showed that V(D)J recombination is not required for lymphoma formation in the absence of Atm, as Atm 2/ 2 mice deficient in Rag1 or Rag2 (and therefore incapable of V(D)J recombination) still succumb to T-cell lymphomas (TCLs) (14, 25) . An alternative possibility is that following loss of ATM, the development of tumors occurs as a result of disruptions in signaling to the cellcycle checkpoint machinery. For example, in response to IR, ATM activates p53 (26 -28) , and mutations that render p53 inactive are the most frequent cause of cancers in humans (29 -31) . Regardless of a link between defective ATM signaling to p53 and cancer, the pattern of tumor development and chromosomal abnormalities that occur in the absence of ATM in humans and mice suggests that there is a requirement for specific chromosomal regions to undergo aberrant recombination and that these rearrangements result in molecular changes that promote tumor formation and invasion (4, 24) .
To identify the molecular events responsible for tumorigenesis in the absence of ATM, it is necessary to identify the loci and the genes affected by the conserved rearrangements observed in these tumors. In this paper, we show that Atm 2/ 2 TCLs are unique from p53 2/ 2 lymphomas both cytogenetically and at the level of gene expression, establishing that loss of the p53 cell-cycle checkpoint is not responsible for lymphoma formation in the absence of ATM. Further, by coupling cytogenetic analyses of Atm 2/ 2 TCLs with gene expression profiling we identified recurrent aberrations on chromosome 14 within the granzyme (Gzm ) family locus at specific sites of homology between family members. The disruptions at this locus result in the rearrangement and inappropriate expression of a granzyme protein involved in cancer promotion and invasion and suggest a mechanism for tumor promotion in the absence of ATM involving aberrant homologous recombination (HR).
RESULTS

Characteristic translocations in Atm
2/ 2 TCLs are dependent on normal p53 alleles Atm 2/ 2 mice develop CD4þ/CD8þ (immature) TCLs with characteristic cytogenetic abnormalities consisting of inter-and intra-chromosomal rearrangements of chromosomes 12 and 14 and amplification of chromosome 15 (Table 1) (3, 4, 14, 25) . Although p53 and ATM cooperate in response to DNA damage and regulating the cell cycle, tumors which arise as a result of deficiencies of p53 and ATM are markedly different ( Fig. 1 Table 1 ). Atm
2/ 2
TCLs have inter-and intra-chromosomal aberrations including translocations involving chromosomes 12 and 14 (4), whereas TCLs from p53 2/ 2 mice exhibit aneuploidy with only rare translocations (for example, see Table 1 and Fig. 1E ) (30, (36) (37) (38) (39) . Interestingly, both Atm 2/ 2 and p53 2/ 2 tumors have amplifications of chromosome 15 (4, 30, 39, 40) .
To identify Atm-specific lesions and how p53 loss may impact the cytogenetic and molecular events underlying lymphomagenesis, mice deficient in Atm and lacking one or both alleles of p53 were generated, and the TCLs that developed were isolated and studied by spectral karyotyping (SKY) and flow cytometry. SKY was done on TCLs at early passage and the karyotypes were compared with those from Atm 2/ 2 mice. Four of the five TCLs isolated from Atm 2/ 2 p53
mice harbored translocations involving chromosomes 12 and 14 but aneuploidy was markedly increased (Table 1 and Fig. 1A -C) , suggesting that haplo-insufficiency of p53 during tumor formation results in a combined phenotype possibly due to a shared ATM pathway. Mice lacking Atm and both alleles of p53 (Atm 2/ 2 p53 2/ 2 ) rapidly succumb to a host of tumors including both B-and T-cell lymphomas within the first weeks of life (41) (data not shown). TCLs from Atm 2/ 2 p53 2/ 2 mice were more mature (CD3þ) and exhibited both increased aneuploidy and translocations, which no longer consistently involved chromosome 12 or 14 ( Fig. 1D and Table 1 ). Notably, abnormalities of chromosome 12 were rarely found. Therefore, not only is the clinical pathology of Atm 2/ 2 TCLs different from p53 2/ 2 TCLs, but the two tumor types also show distinct developmental differences and unique chromosomal disruptions.
Global gene expression patterns highlight the unique nature of Atm 2/ 2 lymphomas Recently, global expression profiling has proven extremely useful in identifying subtypes of leukemias and lymphomas (42 -46) . To test if a similar approach could be used to study ATM-specific lymphomagenesis, cDNA microarrays and Total Gene Expression Analysis (TOGA w ) were used (47 -50) . First, cDNA microarrays were used to identify genes differentially expressed in Atm 2/ 2 thymus as compared to wild-type thymus prior to tumor formation ( Fig. 2A) . Next, samples from wild-type thymus were compared with two independent p53 2/ 2 TCLs and four Atm 2/ 2 TCLs (AT-4, AT-7, AT-12 and AT-13) using cDNA microarrays (Supplementary Material, Tables S3 -S5 for gene lists and  Supplemental Methods for experimental design and analysis  criteria) . In comparisons between the Atm 2/ 2 TCLs and wild-type thymus, 154 genes were identified as differentially expressed (green circle in Fig. 2B and Supplementary Material, Tables S3 and S4). A similar comparison between p53 2/ 2 TCLs and wild-type thymus identified 300 genes as differentially expressed (blue circle in Fig. 2B and Supplementary Material, Table S5 ). This data demonstrated that the p53 2/ 2 TCLs were more different from normal thymus (205 of 300 genes, or 68%) than Atm 2/ 2 TCLs (62 of 154, or 40%) when analyzed using similar criteria. Ninety-one genes were misexpressed in both Atm 2/ 2 and p53
TCLs (intersection of green and blue circles in Fig. 2B and Supplementary Material, Table S4 ). These 91 genes are likely lymphoma-specific genes or genes whose regulation is abnormal based on loss of cell-cycle checkpoint control, through loss of either ATM or p53. Interestingly, three of these 91 genes were not only abnormally expressed in all TCLs, but also in Atm 2/ 2 thymus: Iga, cystatin C and an EST (see intersection in Fig. 2B and genes colored green in Fig. 2A ). The differential expression of these three genes likely reflects either the immature status of thymocytes in Atm 2/ 2 thymus and TCLs and/or alterations in cell-cycle regulation common to both ATM and p53 deficiency, but which are not specifically associated with cytogenetic rearrangements due to loss of ATM or lymphoma. Table S3 ). Three genes on chromosome 14 were upregulated. These were cam kinase II beta, an EST (AA198542) and glia maturation factor. One gene was downregulated, TGF-beta-1-induced transcript. The two genes on chromosome 12, secreted modular calcium BP1 and Enavasodilator-stimulated phosphoprotein (Evl), were downregulated. Evl lies between the Tcl1 and IgH loci on chromosome 12. The four genes that mapped to chromosome 15, ATP synthetase Hþ transporting mitochondrial F1 complex subunit C, proline-rich protein, Map3k12 and cytosolic aminopeptidase P, were all upregulated consistent with the cytogenetic phenotype of chromosome 15 amplification. We combined data from cDNA microarrays with TOGA w to identify additional genes impacted by the conserved chromosome lesions affecting chromosomes 12, 14 and 15 in Atm 2/ 2 TCLs. Three Atm 2/ 2 TCLs with similar cytogenetic profiles (AT-4, AT-7 and AT-13) were compared with one TCL which had several unique chromosomal aberrations (AT-12) ( Table 1) .
Experiments using TOGA w identified 13 569 transcripts in AT-4, 12 999 in AT-7, 13 111 in AT-12 and 13 398 in AT-13. The expression profile of each tumor line was then compared among the four. One thousand and fifty-two transcripts were differentially expressed at !2-fold between any one of the four Atm 2/ 2 TCLs. Next, we identified genes exhibiting unique or conserved patterns of expression between the tumor cell lines (see Materials and Methods). Twenty-four genes were identified with increased expression in a single cell line (consistent with an activating translocation, Table 2 ), 30 genes with decreased expression in a single cell line (consistent with a deletion, Table 2 ) and nine genes with increased expression in two cell lines/decreased expression in two cell lines (common deletions or common activating translocations, Table 2 ). Two genes with equal 
þ15, T(12;14) 2n; T(4;14), T(14;2), Dic(Del(2); T(4;14)), Dp(14)
2n and 3n clones; Rb(9.Del (15)),
Hyperdiploid and 4n clones, Dp (14),
Only the most frequently observed aberrations, and therefore individual karyotypes may contain additional inconsistent aberrations. Abbreviations: translocation (T), deletion (Del), duplication (Dp), insertion (Is), dicentric chromosome (Dic), Robertsonian translocation (Rb). Aberrations were defined using the nomenclature rules from the Committee on Standardized Genetic Nomenclature for Mice (www.informatics.jax.org). 
(E) SKY analysis of a p53
2/ 2 TCL (p53-1). This tumor exhibits aneuploidy but has no structural aberrations. The karyotype is 47,XX, þ1, þ4, þ5, þ11, þ14 Â 2, þ15.
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Human Molecular Genetics, 2005, Vol. 14, No. 18 expression levels in all tumor cell lines were also evaluated as controls (Table 2 ). These 65 candidates were sequenced and compared with the GenBank database. Of the 65 candidates isolated, 39 were known genes, 11 were uncharacterized murine homologs, 12 were ESTs and three were completely novel genes not present in GenBank (see Table 2 ). Followup validation by northern analysis was done on 25 randomly selected candidate genes. Northern analysis was consistent with TOGA w for 17 genes, five had undetectable signals, two cross-reacted with other family members precluding a definitive analysis and one showed a different pattern on northern as compared with TOGA w . One candidate that did not confirm represented a mitochondrial-encoded transcript. Therefore, the pattern of expression obtained by TOGA w for 17 of the 18 transcripts was confirmed by independent northern blot analysis.
Several genes were identified that were overexpressed and which reside on chromosome 15. But many of these genes were also differentially expressed in p53 2/ 2 TCLs and so were not ATM-specific or had no clear role in TCL formation (see Table 2 and Supplementary Material, Tables S3 -S5 for details of fold changes and chromosomal locations). Only one gene was identified as abnormally expressed that resides on chromosome 12 near the disrupted region (Evl ), and this gene was downregulated ( Table 2 , Fig. 3C and Supplementary Material, Table S4 ), which is unlikely to be associated with an activating translocation. In contrast, we identified the GzmC gene tag as upregulated by TOGA w in two of the four TCLs (Table 2) . Northern analysis using an EST probe for GzmC showed that GzmC was detectable in four of the seven Atm 2/ 2 TCLs (Fig. 3B ) but was not expressed in tumors lacking p53. In addition, a second abnormally large band was detected in several Atm 2/ 2 TCLs suggesting that not only GzmC was overexpressed, but also an aberrant form of the message was produced in Atm 2/ 2 TCLs consistent with an activating translocation event. GzmC belongs to a family of closely related granzymes clustered on chromosome 14 at 20.5 cM (14qC1 -C2) in mice and 14q11.2 in humans (51 -57) . The GzmC locus is very close to the TCRa locus on chromosome 14 at 19.5 -19.7 cM (14qC1 -C2) (Fig. 3A) . This is the region consistently observed to be disrupted in Atm 2/ 2 TCLs in both mice and humans (4,18 -24) . To investigate if the Gzm locus was involved in Atm 2/ 2 translocations, FISH was done using genomic probes for GzmC (chromosome 14), TCRa (chromosome 14) and Tcl1 (chromosome 12) (Fig. 3C) . TCRa was used to pinpoint the region of chromosome 14 corresponding to 19.5 cM and Tcl1 was used to determine the region corresponding to 52.0 cM on chromosome 12 (58 -61) . We have previously shown that there are translocations involving chromosome 14 and regions of chromosome 12 that are near the Tcl1 locus, although Tcl1 is not consistently involved nor is there expression of Tcl1 in any Atm 2/ 2 TCL (4). Examination of wild-type cells confirmed that the GzmC and TCRa loci are in close proximity (upper color panel in Fig. 3C , and data not shown). FISH analysis of AT-7 TCLs showed that the GzmC locus was duplicated and inverted on chromosome 14, and an additional copy of the gene is on the portion of chromosome 14 that was translocated to chromosome 12 (see Fig. 3C ). Interestingly, although the GzmC locus was 
found at the chromosome 12/14 breakpoint in AT-7, a similar translocation of the adjacent variable region of the TCRa locus to chromosome 12 was not observed (Fig. 3C , upper panel).
To determine whether the rearrangement and an aberrant transcript could be detected in multiple independent Atm 2/ 2 TCLs or in p53 2/ 2 TCLs, rapid amplification of cDNA ends (RACE) was performed using RNA from the original TOGA w samples, as well as from other Atm 2/ 2 and p53 2/ 2 TCLs. Using 5 0 RACE and RNA derived from AT-7 and AT-10 (not used in the TOGA w analysis), the fulllength coding sequence was obtained. Sequencing of the clones showed that the aberrant message produced a transcript encoding an identical in-frame fusion between Gzm B and C (see Fig. 3D ). Subsequent RT-PCR analysis using primers specific for GzmB and GzmC confirmed the presence of a similar abnormal fusion between Gzm B and C in the AT-7, AT-10 and AT-13 cell lines, and demonstrated other aberrant rearrangements in several other Atm 2/ 2 cell lines. In total, five of the six Atm 2/ 2 TCLs examined showed abnormal products derived from the granzyme locus. In contrast, no such transcript was found in RNA from normal mouse thymus or from p53 2/ 2 TCLs, confirming that aberrant GzmC products are only seen in Atm 2/ 2 TCLs. Interestingly, a core 20 bp sequence [TGC(T/A)(A/G)TGTGGCTGGCTGGGG] is found in all six granzymes residing on mouse chromosome 14, and is less conserved in mouse GzmA and GzmK (both on chromosome 13), and GzmM (chromosome 10). This core site is conserved in the GzmB -C fusions arising in independent Atm 2/ 2 TCLs (Fig. 3D) . Therefore, not only was the identical GzmB -C fusion observed in independent Atm
2/ 2
TCLs, but also the site of the fusion occurs within a highly conserved region between the granzyme family members on chromosome 14.
Importantly, the aberrant in-frame fusion transcript between GzmB and GzmC in Atm 2/ 2 TCLs retains all functional domains (62) (63) (64) (65) (66) (67) (68) (69) . To determine whether the transcript detected in the Atm 2/ 2 TCLs was capable of generating an intact protein, the GzmB-C fusion sequence was His-tagged using the arabinose-inducible vector pBAD-HisG (Invitrogen). Induction of this construct resulted in the production of a protein of the expected size (25.8 kDa), as determined by western blot analysis with an anti-His antibody (Fig. 3E) . Taken together, these results demonstrate that the rearrangements of the granzyme locus are found only in the absence of Atm and also that the sites of fusion involve a region of sequence homology between the family members and that the aberrant product with unique properties contains all functional domains necessary for activity.
DISCUSSION
Lymphomagenesis in the absence of ATM
The results we have obtained enabled us to develop a model for lymphomagenesis arising in the absence of functional ATM (Fig. 4) . Loss of ATM results in the destruction of most CD4þ/CD8þ T-cells. It is thought that this defect in T-cell maturation is due to the compromised ability of Atm 2/ 2 Tcells to appropriately produce a functional TCR (see Fig. 4 ). Those CD4þ/CD8þ T-cells that do not appropriately rearrange TCRa and express a TCR undergo apoptosis (see Fig. 4 ) (27) . Importantly, in the absence of ATM many T-cells do undergo productive TCRa/b rearrangement and mature to become functional T-cells, although we and others have demonstrated that many of these 'functional' T-cells harbor chromosomal abnormalities. These abnormalities neither appear to affect the function of the cells nor give rise to cells that eventually cause lymphoma/leukemia as indicated by the fact that the Atm 2/ 2 tumors are not CD3 þ . Our profiling experiments suggest that cancerous cells must arise in the less mature CD4þ/CD8þ cells residing in the thymus (Fig. 4) . Gene expression profiling showed that tumor-free Atm 2/ 2 thymus abnormally expressed several genes, consistent with the idea that a subset of abnormal cells harbors changes important for the pre-cancerous phenotype ( Fig. 2A) . The TCRg locus is frequently abnormally rearranged in non-tumorigenic peripheral T-cells in A-T patients. Normally, during the process of TCRa/b maturation, expression of TCRg is downregulated regardless of the presence of a productive TCRg rearrangement (70) . It is therefore possible that persistent expression of TCRg in the absence of ATM is due to the lack of a productively rearranged TCRa or TCRd allele in the setting of a productive TCRg rearrangement in these pre-cancerous cells. These cells are able to survive when arrested at the CD4þ/CD8þ stage. This type of cell must be prone to becoming cancerous, because TCRg expression was abnormal in both the Atm 2/ 2 thymus and thymus and in both the p53 2/ 2 and Atm 2/ 2 TCLs, and others have shown that cystatin C expression is altered in other T-cell cancers (44, 45, 71, 72) . It is possible that decreased expression of cystatin C provides a survival advantage for abnormal T-cells in the Atm 2/ 2 thymus and later as tumors develop may increase their invasive capacity.
Common and unique gene expression changes in various T-cell-derived cancers
How then do pre-malignant Atm 2/ 2 thymocytes become cancerous? One possibility is that continued attempts to produce a viable TCR result in genomic instability that leads to a series of specific lesions. These disruptions (assumed to involve the TCR or Ig genes or regulatory elements) could either activate or inactivate key oncogenes or tumor suppressor genes. Although V(D)J recombination is impaired in the absence of ATM, it is not abolished, as some mature T-cells are present 
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in the periphery of both Atm 2/ 2 mice and A-T patients. In addition, no clear defects have been found in V(D)J recombination involving the TCRb or Ig loci. In fact, B-cell function and numbers are virtually normal in the majority of patients and in Atm 2/ 2 mice (3,6,24). Most lymphomas/leukemias found in A-T patients are of T-cell origin. Only rarely do A-T patients develop B-cell lymphomas, and B-cell lymphomas are only found in mice with combined deficiencies in ATM and other genes, such as p53 (6) (and data not shown). In addition, DNA repair kinetics are normal in A-T (73, 74) . However, in both Rag1/ATM-and Rag2/ATMdeficient mice, V(D)J recombination is prevented, yet mice still succumb to TCLs (even much less rapidly) and these TCLs do not harbor abnormalities at the TCRa locus. Taken together, these data suggest it is unlikely that abnormalities in V(D)J recombination alone are responsible for tumor formation and that a lesion on chromosome 14 near the TCRa locus is essential for the rapid onset of aggressive lymphomas in Atm 2/ 2 thymocytes. The successful combination of immunophenotyping, clinical characterization, cytogenetic analysis and RNA profiling techniques led us to a better understanding of the genes affected by the conserved aberrations in Atm 2/ 2 TCLs and identified the granzyme gene cluster on chromosome 14 as consistently abnormal. This is the first demonstration of a translocation event that results in the production of an in-frame fusion between granzyme family members that yields a coding sequence for an intact protein. The distance between the fusion sites is 27 kb, and so it is unlikely that the increased expression is due to aberrant splicing events. Importantly, we show that the GzmB -C fusion observed in multiple Atm 2/ 2 TCLs is identical and the site of fusion maintains all the regions necessary for full activity (62, 69) . The three catalytic residues come from the fusion between GzmB and GzmC and the active site serine is derived from GzmC (62, 75, 76) . Increased GzmB expression has already been reported in many T-cell tumors with poor clinical outcomes (64, 65, 68, 77) where increased expression is thought to be an adoptive mechanism that enables tumors to actively destroy host immune effector cells and invade tissues (63,66,78 -80) . However, prior to this study, the expression of granzymes in tumors has not been associated with aberrations involving the locus. Clearly it will be interesting to test the effect of the observed granzyme fusion on normal and transformed cells in future studies to better define a role for this chromosomal aberration in tumors.
Finally, the disruption of a specific locus on chromosome 12 appears to be essential for tumor formation in the absence of ATM (see Figs 3 and 4) . This locus may be of critical significance, as all Atm 2/ 2 and Rag 2/ 2 Atm 2/ 2 tumor studies to date have aberrations on chromosome 12D-F. We know that the lesion involves regions near (but not affecting) the Tcl1 locus and only rarely the IgH locus (4,6), although the genes and loci involved remain to be determined. In A-T patients, no type of cell is consistently free of increased chromosomal breakage. Similar genetic instability is observed in Bloom's syndrome, which shares many of the same phenotypic characteristics of A-T including immunodeficiency, growth retardation and predisposition to cancers (81, 82) . Interestingly, the genetic instability in Bloom's syndrome results from increased HR and an elevated level of somatic mutations. Furthermore, the Bloom protein interacts directly with ATM and undergoes phosphorylation by ATM in response to IR (83) . These observations indicate that ATM may be involved in regulating HR in response to DNA damage. Our results demonstrating specific disruption of genes in the Gzm cluster were particularly surprising. The observation that the granzyme gene family cluster, near the TCRa/d locus on chromosome 14, is disrupted in the development of ATM-deficient lymphomas suggests a role for compensatory repair pathways to assist with the impaired V(D)J recombination. It may be that in an attempt to repair DSBs generated during V(D)J recombination, alternative repair mechanisms are employed. The alternative mechanism could involve enzymes normally responsible for HR and/or NHEJ. We have previously shown that Atm 2/ 2 mice have an increased frequency of intra-chromosomal HR resulting in deletions in non-hematopoietic cells (84) . In Atm 2/ 2 T-cells, the HR machinery may be recruited to the TCRa locus during the process of V(D)J recombination, and intrachromosomal HR would preferentially involve regions of high homology near the site of the original strand break. The adjacent granzyme cluster serves as an ideal substrate for HR because of the high sequence homology between the different granzyme family members.
In support of such a hypothesis is the finding that the site of fusion between the two different Gzm genes contains a conserved region of 23 bp in length (Fig. 3D) . The core 20-bp sequence is conserved in all human and mouse granzymes on chromosome 14 adjacent to the TCRa locus. It is very likely, in fact, that additional in-frame fusion events may be occurring between other granzymes in Atm 2/ 2 thymocytes. However, these fusions would not have been detected because primers specific for GzmB and GzmC were used in these analyses. A more indepth analysis in ATM-deficient mouse and human TCLs may help to identify additional granzyme fusions. Natural and synthetic mechanisms which inhibit the entry and enzymatic activity of granzymes have been described in great detail (76, 85) . It will be important to determine if the granzymes are overexpressed in the human cancer, as these granzyme-specific inhibitors may prove useful as therapeutic agents. Taken together, these findings help to explain many of the specific events that occur during the development of ATM-deficient TCLs, demonstrating the unique nature of these tumors and point to potential therapeutic choices for treatment.
MATERIALS AND METHODS
Cell culture
Tumor cell lines were isolated as previously described (3) and grown in RPMI medium (Life Technologies, Bethesda, MD) with 10% heat-inactivated fetal calf serum and 20 U/ml human interleukin-2 (Roche).
Flow cytometry for phenotyping of tumors
Flow cytometry and phenotyping of tumors were done as described (3).
SKY and FISH
Metaphase spreads for SKY and FISH were prepared on glass slides using standard protocols as described in Ref. (86) . Cells were incubated in 0.1 mg/ml Colcemid (GIBCO/BRL) for 30 -60 min and then lysed in 0.075 M KCl. Chromosomes were fixed in 3:1 methanol:acetic acid and dropped onto glass slides. SKY was performed as described (87, 88) . Six to ten metaphases were analyzed for each tumor. Probes for FISH were generated using bacterial artificial chromosome (BAC) clones containing the genes of interest. BAC clones were obtained by PCR screening of Down-to-the-Well pools according to the manufacturer's protocol (Genome Systems, St. Louis, MO). The clone addresses for the isolated BAC clones were as follows: 226E11 (Tcl1), 232F19 (TcrCa), 46G9 (TcrVa6), and 309K16 and 380N13 (GzmC ). Labeled BAC probes were generated using the BioProbe nick-translation kit (Sigma). The BAC DNA clones were labeled with biotin-16-dUTP, digoxigenin-11-dUTP (Roche), or Spectrum Orange-dUTP (Vysis, Downer's Grove, IL). Hundred nanograms of nick-translated probe DNA was precipitated with 15 mg Mouse C o t-1 DNA (Gibco) and resuspended in 50% formamide, 10% dextran sulfate, 2Â SSC. The probe DNA was denatured (10 min at 758C) and metaphase spreads were pretreated with RNase A (0.1 mg/ml, for 1 h at 378C) and pepsin (0.1 mg/ml for 10 min at 378C) followed by fixation in formalin (1%, for 10 min at room temperature). After 30-min preannealing of probe DNA, hybridization to metaphase spreads was carried out for 24 h, at 378C in a humidified box as previously described (89) . After hybridization, indirectly labeled probes were detected by either mouse antidigoxigenin followed by sheep anti-mouse Cy5.5, or avidin FITC. FISH results were imaged and analyzed using QFISH software (Leica, Cambridge, UK).
Isolation of tissue and RNA
Thymus from age-and sex-matched pairs of wild-type and Atm
2/ 2
129S6/SvEvTAC inbred mice were dissected between 4 and 16 weeks of age. Thymus was visually inspected for tumor foci and tumor-free samples were flashfrozen on dry ice and stored at 2808C until used for RNA isolation. RNA was isolated from TCLs and was used for TOGA w as described (47) . RNA used in northern blotting and microarray analysis was isolated using TRIzol Reagent for thymus or TRIzol LS Reagent (Gibco-BRL) for cell lines. RNA quality was assessed by spectrophotometry and gel electrophoresis; RNA with A 260 /A 280 ratios greater than 2.0 in TE and no visible evidence of degradation by electrophoresis was used for northern blot analysis and expression profiling.
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Identification of differentially expressed transcripts TOGA w was carried out on duplicate samples of four independently isolated and characterized cells lines at passages 3 to 5. Initial candidate selections were made with the TOGA w portal using an in-house algorithm for peak detection and analysis to discriminate fold changes across samples after normalization (49) . Following selection of initial candidates with the TOGA w portal, trace patterns were examined by eye, and distinct peaks with expression levels greater than 100 relative fluorescence units were selected. Sixty-five candidates were selected for follow-up analysis. The clones representing the 3 0 regions of all 65 candidates identified by TOGA w were obtained, their sequences determined and compared with the GenBank database.
Northern blotting
Ten micrograms of total RNA per lane was used for northern blot analysis following the glyoxal denaturation protocol (90) . Gels were transfer blotted onto Hybond TM N membrane (Amersham Pharmacia), washed and crosslinked following standard procedures (91) . Blots were stained for RNA loading with 0.5 M acetic acetate (pH 5.2), 0.04% methylene blue and destained in ddH 2 O. Probes corresponding to mouse GzmC (AA389537) were obtained (Genome Systems, Inc. and Digital Gene Technologies) and sequence verified. Fragments were gel purified using the QIAquick w Gel Extraction Kit (Qiagen) and 32 P random prime labeled using the Rediprime TM II labeling system (Amersham). Fragments for mouse b-actin, cyclophilin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were obtained commercially (Ambion) and labeled as described above. Labeled probes were hybridized at a specific activity of 1 Â 10 6 cpm/ml in Church's Buffer following standard procedures (92) . Blots were visualized on PhosphorImager screens overnight and signals quantified using ImageQuant software (Molecular Dynamics).
TaqMan quantitative RT-PCR analysis
Primers for TaqMan Quantitative RT-PCR analysis were designed using Primer Express 1.0 software (PE Biosystems). The cDNA used in the PCR analysis was synthesized from total RNA using Superscript II Reverse Transcriptase (Invitrogen). PCR was done using SYBR Green chemistry on an ABI Prism 7700 Sequence Detection System (PE Biosystems). The primers for TCRg amplified an 84-bp fragment and were forward primer (5 0 -CACGAGGGCACTGTGATAGCT-3 0 ) reverse primer (5 0 -GCCTTTTGTCAGAGGGAATTACTAT G-3 0 ). The CD53 primers amplified a 78-bp fragment and were forward primer (5 0 -ACCATCTTCCTGCCCATCAG-3 0 ) and reverse primer (5 0 -TGCAGATGTTCAGGGTTGCTAT AATAAGGCCAA-3 0 ). Results were normalized using b-actin to amplify a 69-bp fragment using forward primer (5 0 -GGCGCTTTTGACTCAGGATT-3 0 ) and reverse primer (5 0 -GGGATGTTTGCTCCAACCAA-3 0 ).
Analysis of Gzm fusions was carried out by RNA ligasemediated rapid amplification of cDNA ends (RLM-RACE), using the GeneRacer Kit (Invitrogen). Experiments were performed according to the protocol using oligo-dT primers to generate RACE-ready cDNA. DNAseI-treated RNA samples used to generate the original TOGA w libraries (AT-4, AT-7, AT-12 and AT-13) were used as templates for RACE. In addition, RNAs from Atm 2/ 2 (AT-10) and Atm 2/ 2 p53 þ/ 2 (APT-3) TCLs and from wild-type thymus were examined.
Microarray experiments and data analysis cDNA microarrays were prepared at the Salk Institute Functional Genomics Laboratory using 9216 sequence-confirmed mouse Unigene cluster cDNAs obtained from Genome Systems (Palo Alto, CA). Clones were spotted on aminosilane-coated, aluminized glass slides in duplicate. Total RNA for hybridization to cDNA microarrays was either labeled directly using aminoallyl labeling or was amplified using a single round in vitro transcription (IVT) reaction and then labeled using aminoallyl labeling. Aminoallyl labeling using 10 mg of total RNA was performed essentially as described (http:/ /cmgm.stanford.edu/pbrown/protocols/aadUTP CouplingProcedure.htm).
IVT amplification was performed using 2 mg of total RNA and reverse transcription (RT) with a T7-d(T) 24 primer (Genset). cDNA was extracted from the RT reaction, and purified using a Microcon C50 spin column (Millipore). Single round amplification of purified cDNA was performed using the MAXIscript TM IVT kit (Ambion), and complementary RNA (cRNA) purified using the RNeasy w Mini Kit (Qiagen). Three micrograms of IVT cRNA was labeled using the aminoallyl protocol described above. Cy5-and Cy3-labeled cDNAs were quantified by spectrophotometry. Twenty picomoles of labeled Cy5 sample and 20 pmol of Cy3 sample were lyophilized for use in the hybridization.
Pretreated slides were hybridized with 40 ml hybridization solution (20 ml formamide, 10 ml 4Â Hybridization buffer v.2 (Amersham), 5 mg mouse C 0 t1 DNA (Invitrogen), 5 mg polyadenylic acid (Sigma), 20 pmol of the labeled Cy5 and 20 pmol of the labeled Cy3 cDNA samples in the dark for 16 h at 428C in humidified CMT TM Hybridization Chambers (Corning). After hybridization, slides were washed, dried with compressed air and scanned immediately (Molecular Dynamics Array Scanner GenIII). Additional information about the cDNA microarray protocols and data analysis methods are provided as supplemental data.
Database analyses
Public databases searched in these analyses were NCBI (http:// www.ncbi.nlm.nih.gov) (including Locuslink, GenBank, Mouse-Human Homology Maps and Unigene) and the Mouse Genome Database (http://www.informatics.jax.org) (93) . In addition, data were generated through use of the Celera Discovery System and Celera's associated databases (94) .
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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